[1] Sortable silt mean grain sizes together with oxygen and carbon isotopic data produced on the benthic foraminiferal species Fontbotia wuellerstorfi are used to construct high-resolution records of near-bottom flow vigour and deep water ventilation at a core site MD02-2589 located at 2660 m water depth on the southern Agulhas Plateau. The results suggest that during glacial periods (marine oxygen isotope stages 2 and 6, MIS 2 and MIS 6, respectively), there was a persistent contribution of a well-ventilated water mass within the Atlantic to Indian oceanic gateway with a d
Introduction
[2] A key element of the global ocean thermohaline circulation (THC) is the oceanic connection between the Indian and South Atlantic Oceans off South Africa [de Ruijter et al., 1999; Sloyan and Rintoul, 2001] (Figure 1 ). Variable amounts of warm, salt-enriched South Indian Ocean waters enter the South Atlantic, the so-called ''warm water return route'' (the ''cold water return route'' being through the Drake Passage), and provide a source for heat and salt to the Atlantic thermocline that ultimately preconditions the Atlantic meridional overturning circulation for convection in the north, the formation of North Atlantic Deep Water (NADW) [Richardson et al., 2003] . This westward surface return flow is compensated at depth by an eastward setting deep flow into the Indian Ocean that consists of NADW exiting the South Atlantic and the Antarctic Circumpolar Current (ACC) Lutjeharms, 1996] .
[3] Numerous studies from the North Atlantic suggest that NADW production was significantly reduced during the last glacial period [e.g., Boyle and Keigwin, 1987; Duplessy et al., 1988; Sarnthein et al., 1994; Curry and Oppo, 2005] . Northern Component Waters (NCW) sank only to intermediate depth (<2000 m) forming Glacial North Atlantic Intermediate Water (GNAIW), extending from 45°N to 15°S. In contrast, it appears the production of water masses from the ACC (i.e., Southern Component Waters (SCW)) was either comparable to present day or increased with enhanced northward spreading, ventilating the deep North Atlantic below GNAIW [Oppo and Fairbanks, 1987; Boyle and Keigwin, 1987; Marchitto and Broecker, 2006] .
[4] Paleoceanographic reconstructions of deep ocean variability in the South Atlantic have provided contrasting information on the relative influence of NADW and Antarctic Bottom Water (AABW) during the last glacialinterglacial cycle. Reduced production and southward spread of NADW during glacial periods has been suggested by studies using Nd isotope ratios [e.g., Rutberg et al., 2000; Piotrowski et al., 2004 Piotrowski et al., , 2005 , 231 Pa/ 230 Th ratios in sediments [McManus et al., 2004; Gherardi et al., 2005] , benthic d 13 C records [Streeter and Shackleton, 1979; Sigman and Boyle, 2000] , and clay-mineral tracers [Diekmann et al., 1996] which found that NCW extended no farther south than 40°S at the height of the last glacial period. In contrast, early studies using 231 Pa/ 230 Th ratios [Yu et al., 1996] suggest that export of NCW to the Southern Ocean continued at a comparable rate to the Holocene during the Last Glacial Maximum (LGM), although probably at a reduced depth, a contention that also seems to be corroborated by Cd/Ca [Boyle, 1992; Lea, 1995] and foraminiferal isotope measurements in the southeast Pacific and Atlantic [Matsumoto et al., 2001; Matsumoto and LynchStieglitz, 1999] . Uncertainty is added to the picture by the indication of an expansion of SCW in two branches (Upper Southern Component Water and Lower Southern Component Water) that compensated for the suppression of NADW [Henrich et al., 2003; Curry and Oppo, 2005] and a suggested presence of GNAIW in the Southern Ocean as a replacement for NADW [Volbers and Henrich, 2004] . Bickert and Figure 1 . (a) Map showing study area and position of core MD02-2589 on the southern Agulhas Plateau, together with the present-day position of the oceanic fronts and generalised ocean circulation (after Richardson et al. [2003] ). Position of the fronts after Belkin and Gordon [1996] and Orsi et al. [1995] . Solid arrows are surface water currents, and dashed arrows are bottom water currents. NADW, North Atlantic Deep Water; AgP, Agulhas Plateau; AgR, Agulhas Retroflection; STF, Subtropical Front; SAF, Subantarctic Front; PF, Polar Front. (b) Present-day transect of salinity from the coast of South Africa to Antarctica across the Southern Ocean (modified from Schlitzer [2000] ) showing the positions of the existing water masses. IOW, Indian Ocean Water; AAIW, Antarctic Intermediate Water; NADW, North Atlantic Deep Water; CDW, Circumpolar Deep Water; AABW, Antarctic Bottom Water.
Mackensen [2003] suggest that instead of GNAIW taking over from NADW, Mediterranean Outflow Water is more likely to have compensated but at a shallower depth and only certainly as far south as 30°S.
[5] The interhemispheric linkage of oceanic change has been the target of conceptual and numerical modeling [Ganopolski and Rahmstorf, 2001; Seidov et al., 2001; Weijer et al., 2002; Knorr and Lohmann, 2003; Stocker and Johnsen, 2003; Weaver et al., 2003; Knutti et al., 2004] , while ice core synchronization exercises added insight from interhemispheric atmospheric paleodata comparisons that suggest an out-of-phase pattern between the hemispheres [Blunier et al., 1998; Blunier and Brook, 2001; Brook et al., 2005; EPICA Community Members, 2006] . The few highresolution paleoceanographic records from the Southern Hemisphere oceans confirm this suggestion [Charles et al., 1996; Pahnke et al., 2003; Pahnke and Zahn, 2005] , although such records are sparse and do not allow us to draw a conclusive picture for the wider Southern Hemisphere oceans. It has been suggested by early studies [Hays et al., 1976; Imbrie et al., 1989; Howard and Prell, 1992; Labeyrie et al., 1996] that on orbital timescales, Southern Ocean sea surface temperatures (SST) respond early to changes in the orbital parameters and might actually lead global ice volume [Charles et al., 1996] . The cause of such a lead is not well understood, as is the phasing of changes between the hemispheres on shorter suborbital timescales.
[6] Here we present a high-resolution multiproxy record of deep water variability from a sediment core recovered from the southern flank of the Agulhas Plateau in the southernmost South Atlantic. The location is close to the southern mixing interface between NADW and southern source waters in the Southern Ocean, enabling the reconstruction of the timing and amplitude of changes in southward advection of NADW and Southern Ocean THC. The site is also strongly influenced by the ACC. The flow of this current extends to depth, often to the seabed [Orsi et al., 1995] , and is wind driven, suggesting that fluctuations in the surface conditions can influence deep water dynamics. The position of the major frontal systems associated with the ACC can therefore be potentially related to changes in the near-bottom flow regime and strength. We concentrate on identifying the phasing between changes in ice volume, the location of surface ocean fronts, deep ventilation, and near-bottom flow speeds over the past 170 ka.
Regional Deep Water Oceanography
[7] The region connecting the Indian and Atlantic oceans (Figure 1 ) is one of several oceanic gateways guiding the flow of surface and deep waters around the global ocean and distributing heat, salt, and nutrients between the oceans [Sloyan and Rintoul, 2001; Boebel et al., 2003] . Here deep water circulation is primarily characterized by the interactions between southward propagating NADW and northward flowing SCW, notably AABW and Antarctic Intermediate Water (AAIW) [Reid, 1989 [Reid, , 2005 . The transition between NADW and Lower Circumpolar Deep Water (LCDW) is at middepths sloping upward to the south (Figure 1b) , while the deep areas (>5000 m) are filled with AABW, a mix of Weddell Sea Deep Water and LCDW [Orsi et al., 1999] .
[8] The interocean exchange of NADW into the South Indian Ocean from the South Atlantic occurs directly through the Agulhas Gateway, located between the southern tip of Africa and the northern Agulhas Plateau (Figure 1a) . However, some of the NADW flow also extends toward the south, rounding the southern flank of the Agulhas Plateau where it has led to the deposition of contourite sediment drifts (Figure 1a ) [Tucholke and Carpenter, 1977; UenzelmannNeben, 2001] . Core MD02-2589 (Figure 1 ) is positioned in a sediment drift up to 650 m thick that displays an asymmetric geometry and changes in internal reflector patterns which are indicative of a dynamical circulation pattern in the region back to Oligocene-Miocene times [Uenzelmann-Neben, 2002] . The core site today is predominantly bathed in NADW with a substantial Circumpolar Deep Water (CDW) contribution. The site thus offers the possibility to monitor past variations in CDW as a member of the Southern Ocean THC and the southward spreading of NADW.
Material and Methods
[9] Giant piston core MD02-2589 was recovered during R/V Marion Dufresne cruise MD128 from a contourite drift located on the southern Agulhas Plateau (41°26.03 0 S, 25°15.30 0 E, 2660 m water depth) (Figure 1a ). At this depth the core site lies in NADW, $1000 m below AAIW and $1000 m above LCDW (Figure 1b) . The core recovered 34.55 m of sediment, composed primarily of foraminiferal ooze, spanning the past $1.3 Ma [Giraudeau et al., 2002] . Here we focus on the upper 9.8 m of the sediment core, representing the last $170 ka B.P. We sampled every 2 cm for stable isotope and grain-size analysis.
[10] The samples were first sieved to separate the fine (<63mm) and coarse (>63 mm) fractions, with the fine fractions being used for grain-size analysis and the coarse fractions for isotope analysis. Epibenthic foraminiferal species Fontbotia wuellerstorfi (also commonly referred to as Cibicidoides wuellerstorfi), generally known to secrete calcite close to the d 13 C DIC values of ambient bottom water [Mackensen et al., 2001] , was picked from the 150-250 mm size fraction. Eight to ten tests for each sample were analysed using a Finnigan MAT 252 mass spectrometer coupled with an automated Kiel III carbonate device. Longterm analytical precision is 0.06% for d
18 O and 0.03% for d 13 C. All isotope data are referenced to the Vienna Peedee belemnite scale through repeated analysis of NBS 19 international carbonate standard. Oxygen isotopes of the benthic foraminifera F. wuellerstorfi have been transferred by +0.64% to the Uvigerina spp. scale as this more closely represents equilibrium with the ambient seawater [Shackleton and Hall, 1997] .
[11] Grain-size analysis of the so-called sortable silt mean grain-size paleocurrent indicator uses the fraction of the sediment whose size sorting varies in response to hydrodynamic processes (i.e., the terrigenous 10-63 mm component) to infer relative changes in near-bottom current speed [McCave et al., 1995a; McCave and Hall, 2006] . This proxy has been used successfully in paleocurrent studies in the North Atlantic [e.g., Manighetti and McCave, 1995; Hall et al., 1998; Ellison et al., 2006] , South Atlantic [e.g., Kuhn and Diekmann, 2002] , Indian [e.g., McCave et al., 2005] , and Pacific oceans [e.g., Hall et al., 2001] . The samples were disaggregated in purified water on a rotating carousel for 24 h before being washed over a 63 mm mesh. Fine fraction residues were dried at 50°C, and carbonate was removed with 2 M acetic acid followed by digestion in 0.2% sodium carbonate at 80°C for 8 h to remove the biogenic silicates. Sortable silt mean (SS) grain-size measurements were undertaken using a Coulter Multisizer III as detailed by . Average SS abundance in the samples is 8 -10% enabling the determination of the SS index with an error of ±2% .
[12] The degree of carbonate dissolution was assessed in selected samples using the planktonic foraminiferal fragmentation index described by Le and Shackleton [1992] . This index contains a devisor relating the number of fragments to the number of tests, so that percentage fragmentation is more likely to respond linearly to dissolution rather than being over sensitive during the early stages and relatively insensitive during the later stages of dissolution. Samples of the >150 mm size fraction were split as many times as required to obtain approximately 300 whole planktonic foraminifera. All whole planktonic foraminifera were identified and counted, while all fragments within these splits were also recorded. The percentage fragmentation was calculated using a fragment devisor of 3 [Pfuhl and Shackleton, 2004] .
[13] A total of thirteen 14 C accelerator mass spectrometry (AMS) datings were carried out within the uppermost 190 cm of core MD02-2589 on monospecific samples containing $1000 tests of Globorotalia inflata (Table 1) . The 14 C analyses were carried out at the Natural Environment Research Council Radiocarbon Laboratory in East Kilbride, UK. The 14 C dates were corrected for the marine reservoir effect using a regional Southern Ocean correction of 800 years (a) [Butzin et al., 2005] and subsequently calibrated to calendar years B.P. using the marine calibration data set of Fairbanks et al. [2005] which allows for calibration back to 50 ka.
MD02-2589 Chronology
[14] The age model for MD02-2589 was developed using a combination of AMS radiocarbon dating and graphic tuning of the benthic d
18
O records to core MD97-2120 [Pahnke et al., 2003] (Figure 2 ) from the Chatham Rise, South Pacific. Two age reversals in the upper 60 cm of the core MD02-2589 led us to discard the four uppermost AMS dates (Table 1) . Ages for this interval were estimated through extrapolation using a polynomial fit of the age/ depth relationship of the remaining nine AMS dates (upper 190 cm) . It should be noted that the 14 C calibrated ages appear typically older by $1 ka from those derived by graphic correlation of the benthic d
O records of MD02-2589 and MD97-2120. Such an offset suggests that the local 800 a reservoir age that we have adopted for core MD02-2589 may well be an underestimate and reservoir ages rather are in the range of up to 1800 a, similar to those seen in MD97-2120 [Pahnke et al., 2003 ] and other southwest Pacific Ocean sites [Sikes et al., 2000] . Within the interval 190-982 cm ($40-170 ka), ages control points were assigned via graphic correlation of the benthic d [Pahnke et al., 2003] . MD97-2120 chosen as a reference to develop the age model for core MD02-2589 because it allowed direct correlation with Antarctic records as well as core MD95-2042 and other Northern Hemisphere climate records. The MD97-2120 benthic d
18 O profile has a similar structure to MD02-2589 especially over the MIS 5a/4 transition and in some of the smaller scale features thus facilitating the correlation (Figures 2a and 2b) . Ages between each age control point were estimated by linear interpolation. The resulting age model suggests sedimenta- (Figure 2c ). At our 2 cm sampling resolution this equates to a mean time step along our proxy records of 298 ± 132 a.
Results
[15] The high-resolution benthic d
18 O record of MD02-2589 ( Figure 3a) shows that orbital modulation caused by changing ice volume is the dominant control on this record. However, as the glacial-interglacial (G- ) additional hydrographic changes in regional bottom water temperature and/or salinity are indicated over these timescales. The Holocene section in MD02-2589 is incomplete thus limiting our confidence in the reliability of the LGM to Holocene transition to assess the full G-I d
18 O shift at this location. As a result in the following discussion, only Termination II (TII) will be considered in detail. The benthic d 13 C record (Figure 3b) shows a G-I amplitude of $0.8% ranging from values of À0.2 -0% indicative of low ventilation during glacial stages MIS 6 and LGM, as well as MIS 4, to increased levels during warm stages MIS 5 and 3, with a more steady transition at TII than observed in the benthic d [16] The modern salinity distribution (Figure 1b) for the Agulhas sector of the Southern Ocean shows that site MD02-2589 lies in the southern extent of NADW close to where it merges with LCDW. Present-day NADW d 13 C in the South Atlantic typically has values of $0.8% and LCDW is <0.5% [Bickert and Wefer, 1996] . A transect of late Holocene benthic d 13 C in the South Atlantic [Mackensen et al., 2001] confirms that MD02-2589 (d 13 C $0.65%, Figure 3b ) is currently positioned near the mixing zone between NADW and LCDW with the admixture of >50% NADW [e.g., Bickert and Mackensen, 2003] . Benthic d
13 C values in MIS 5 average 0.65% which again equates well with predicted d 13 C of NADW in the South Atlantic during interglacial periods ($0.6 À 0.7% [Sarnthein et al., 1994] ).
[17] The MD02-2589 SS record (Figure 3c ) also reflects a distinctive orbital modulation, with higher values during glacial periods indicating enhanced near-bottom flow speeds. The amplitude of these G-I shifts in SS (G-I shift of 4 mm) are comparable to those seen at Ocean Drilling 
Glacial Terminations I and II
[18] At 141 ka, SS grain sizes at site MD02-2589 decrease rapidly coincident with the onset of a more gradual increase in benthic d 13 C, both preceding full glacial MIS 6.2 by some 3 -4 ka (Figure 4 ). This initial reduction in flow speed and coeval onset of increasing ventilation occur some 8 ka before the start of the deglacial transition of TII at 133 ka (Figures 4d and 4f) . Although hampered by the lack of Holocene recovery, the sequence of changes at TI suggests some differences from those occurring at TII (Figure 3) . While an early decrease in flow speed and a lowflow speed plateau occurs within TI, in contrast to TII, benthic d 13 C appears to increase coincident with decreasing benthic d
18
O. This TI sequence and the lead of THC changes (ventilation and near-bottom flow speeds) over ice volume during TII in MD02-2589 is contrary to the sequence recently identified for TI by Piotrowski et al. [2005] suggesting a more complex phasing may be a feature of individual glacial terminations.
[19] The TII benthic d 13 C transition occurs in two steps. The initial intensification in ventilation, starting before the ice volume maximum at 141 ka, is gradual and only increases by 0.2% over 11 ka. This is followed by a larger and more rapid increase, starting at 130 ka, of 0.6% over 6 ka. Benthic 
MIS 5/4 Transition
[21] One of the most striking features seen in MD02-2589 records is the rapid transition between MIS 5a and MIS 4 (Figures 3 and 5) . On the basis of our age model the transition starts at 73 ka from high benthic d 18 O of 0.45% and decrease in benthic d 13 C of 0.4%. Within 700 a of this excursion, flow speeds rapidly decrease reaching a minimum at 72 ka. An abrupt transition then occurs in all proxies reaching full MIS 4 conditions at 71.3 ka. The transition is led by increasing ice volume and followed by decreasing ventilation and then finally increasing flow speeds ( Figure 5 ). carbon reservoir, ocean circulation, air-sea gas exchange, and marine biological productivity [e.g., Broecker and Maier-Reimer, 1992; Mackensen et al., 1993; Lynch-Stieglitz and Fairbanks, 1994; Mackensen and Bickert, 1999; Oppo and Horowitz, 2000] and have traditionally been a tool with which to trace deep water masses. [e.g., Streeter and Shackleton, 1979; Sigman and Boyle, 2000; Bostock et al., 2004] . In the South Atlantic, high d 13 C signatures signify young, nutrient-depleted, well-ventilated North Atlantic Deep Waters, while lower increasingly negative d ., 1995b] , with higher grain sizes denoting faster flow and vice versa. The region south of $40°S in the Southern Ocean is dominated by the ACC, with changes in SS plausibly reflecting variations in the strength of its flow. The ACC flow is driven by surface wind forcing which may affect the whole water column through frictional effects down to deeper depths [Orsi et al., 1995] and is therefore linked into Southern Hemisphere climate change, as is the expansion and contraction of the surface ocean fronts. However, the strengthening and weakening of the ACC can also therefore be possible 
Discussion
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without frontal movements. These differences in tracer signals allow a decoupling of flow speed and water mass provenance at certain sites, which can be explained by changes in different components of a mixed water mass affecting either provenance or flow speed in different ways.
[23] The export of NCW from the North Atlantic during glacial periods is poorly constrained and has been discussed controversially in literature [e.g., Sarnthein et al., 1994; Yu et al., 1996; Matsumoto et al., 2001; Curry and Oppo, 2005] . In order to identify the NCW influence at the MD02-2589 site during glacial periods we compare our data with several existing benthic d 13 C records. For this comparison we have chosen deep South Atlantic cores RC11-83 [Charles et al., 1996] and TN057-21 (Table 2 [ Ninnemann and Charles, 2002] ), which remained strongly influenced by SCW (i.e., AABW) over both glacial and interglacial periods. We also use core MD97-2120 (Table 2 [ Pahnke and Zahn, 2005] ) from the Chatham Rise, southwest Pacific, as an alternative Southern Ocean record documenting AAIW variability. Finally, core MD95-2042 (Table 2 [ Shackleton et al., 2000] ) from the Iberian Margin was chosen as a North Atlantic reference as it is high resolution, has a timescale that has been tied to both Vostok and Greenland Ice Core Project (GRIP) and reflects changing northern versus southern water sources in the North Atlantic during glacial periods.
[24] Offsets in amplitude of the benthic d 18 O relationship during glacial periods than in modern day. Adkins et al. [2002] and Adkins and Schrag [2003] suggest that the Southern Ocean had the saltiest LGM deep water due to increased sea-ice formation. As seaice formation offsets seawater d
18 O from its global correlation with salinity, some of the offset in benthic d
18 O seen in Figure 4 may reflect the contribution of these Southern Ocean deep waters to the deeper core sites, namely RC11-83, which at 4600 m water depth and at a location close to the Southern Ocean most likely records modified AABW.
[25] The mean ocean shift of d 13 C in seawater SCO 2 between the LGM and Holocene has been estimated to be between 0.32% and 0.46% [Curry et al., 1988] . The benthic d 13 C G-I shift observed in MD02-2589 of 0.8% (Termination II Figure 3b) suggests an additional 0.3 -0.4% variation in d 13 C must be explained by varying water masses, surface productivity changes, and/ or air-sea exchange processes. This additional 0.3-0.4% d 13 C G-I variation is 20-40% less than the benthic d 13 C shift of 0.5% predicted for a complete halt of NCW advection to the south [Charles et al., 1996] . The reduced C shift observed in MD02-2489 therefore indicates a persistent contribution of a well-ventilated water mass to the ambient glacial bottom waters with a d 13 C signature similar to present-day NCW. This can either be explained as sustained NCW influence at the site over the past 170 ka or the presence of SCW exhibiting a similar d 13 C signature from air-sea gas exchanges. Studies have suggested that during glacial periods, enhanced production of deep waters occurred in the zone of extended winter sea ice coverage (out to $50 o S) south of the Polar Front (PF) [Rosenthal et al., 1997; Mackensen et al., 2001; Bickert and Mackensen, 2003] and as a second shallower deep water mass along the Subantarctic Front (SAF) [Michel et al., 1995] . If any of these scenarios holds true, the proximity of site MD02-2589 to the SAF would bring it under the influence of this shallower water mass during glacial periods. Benthic d 13 C of F. wuellerstorfi in MD02-2589 remains consistently more positive by $0.7% than that in the deeper AABWinfluenced cores RC11-83 and TN057-21 (Figure 7) further providing evidence for a consistently better ventilation of middepth isopycnals. Benthic d
13
C from cores located in the deeper Cape Basin [Charles and Fairbanks, 1992; Bickert and Wefer, 1999] and carbonate dissolution in the Cape and Angola basins inferred from sand contents [Bickert and Wefer, 1996] were used previously to infer reduced NADW advection to the south leading to a reduced contribution to or even complete absence of NCW in the deep glacial Southern Ocean. On the basis of our data we conclude that this scenario may not hold for the high-latitude South Atlantic as a whole but that a better ventilated water mass must have been present at middepth. This is further suggested in a study by Hodell et al. [2003] based on a vertical transect of benthic d 13 C at the Agulhas Ridge, which suggests the presence of a well-developed chemocline in the South Atlantic at the LGM with a sharp chemical divide [Charles et al., 1996] , MD97-2120 [Pahnke et al., 2003] , and MD95-2042 [Shackleton et al., 2000] . All data are shown on the Uvigerina scale. [Charles et al., 1996] , TN057-21 [Ninnemann and Charles, 2002] , and MD95-2042 [Shackleton et al., 2000] . between well-ventilated middepth waters above 2500 m and less well-ventilated deep waters below.
[ Hall et al. [2001] concluded that such flow changes may be directly related to increased production of AABW during the glacials potentially controlled by Southern Ocean winds or greater annual production of sea ice leading to water densification through brine rejection. A similar orbital scale relationship between benthic d 13 C and changing near-bottom flow speeds is observed in the MD02-2589 records, with decreased benthic d 13 C and increased near-bottom flow speeds during glacial periods. However, given that benthic d
C at MD02-2589 suggests better ventilation at middepths (compared to bottom water sites), additional controls on physical ventilation are indicated. The total transport of the ACC is thought to be around 130 sverdrup (10 6 m 3 s À1) [Whitworth and Peterson, 1985; Cunningham et al., 2003] with the bulk of this transport occurring within deepreaching narrow jets at the PF and SAF, at a mean water depth of 3000 m [Nowlin and Klinck, 1986; Gille, 1994; Orsi et al., 1995] . At the present-day, MD02-2589 lies to the north of both the PF and SAF (by $8°and $3°, respectively [Belkin and Gordon, 1996; Anilkumar et al., 2005] ) and therefore outside the immediate ACC. Increased flow speeds during glacial periods (Figure 3c ), however, imply that both mobile surface ocean fronts shifted to the north [Mackensen et al., 2001; Hays et al., 1976; Burckle, 1984; Pudsey and Howe, 1998 ]. Thus MD02-2589 plausibly came within the reach of the ACC and its faster flowing deep current jets during glacial periods that presumably restricted the southward transports of northern source deep waters deep into the Southern Ocean. Better ventilation of ambient bottom waters at the core site, in this case, would more clearly support a contribution of a Southern Ocean water mass with a ventilation signature influenced by air-sea gas exchange, similar to that seen in AAIW today.
Glacial Termination
[27] Bianchi and Gersonde [2002] describe a southward displacement of the edge of the winter sea ice and a sea surface temperature warming in the Atlantic and western Indian Antarctic Zone, prior to MIS 5e, during late MIS 6 that was followed by a southward shift of the PF by 3 -5°latitude from its current position during the late termination. The increase in ventilation displayed in the benthic d Peeters et al. [2004] from the South African margin which suggest that following the arrival of the Subtropical Front at its most northerly location during peak MIS 6, it started to move southward well before the start of the termination allowing increased leakage through the Indian-Atlantic surface throughflow area that reaches a maximum within TII (also seen in modeling evidence of Knorr and Lohmann [2003] ). Additionally, a sea level record from the Red Sea [Siddall et al., 2006] shows a highstand during TII which lasted several millennia, followed by a reversal of 30 to 40 ± 12 m coincident with the early warming of the southern latitudes. Correlating the benthic d
18
O shifts and circulation proxy changes in cores MD02-2589 and MD97-2120 [Pahnke et al., 2003] with the Vostok ice core, suggests that the prominent dD peak in Vostok that is indicative of peak maximum air temperatures over Antarctica [Petit et al., 1999] (and EPICA Dome C records [Jouzel et al., 2004] ) occurred prior to full-interglacial MIS 5e during mid-TII (Figure 4 ), although age model constraints do not currently allow us to further address this possibility.
[28] The climate optimum within the transition is followed by a marked cooling at around 128 ka, seen in Vostok dD, and is coincident with an increase in flow speed at MD02-2589, a decrease in ventilation at RC11-83 and MD97-2120 (Figure 4) , and a southern high-latitude-wide SST cooling and expansion of the winter sea ice limit [Bianchi and Gersonde, 2002] . The cooling of the Antarctic continent evident in the Vostok dD record has been linked with an intensification of Northern Hemisphere deep water to full interglacial levels [Sarnthein and Tiedemann, 1990; Diekmann et al., 1996; Spero and Lea, 2002] , a suggestion that is supported by the benthic d 13 C record of MD02-2589 which show an increase in ventilation during this event reaching maximum levels at around 124 ka. Given the benthic d
O record of MD02-2589 suggests that the onset of MIS 5e occurs at 127 ka (Figure 4 ), then this period of increased flow speeds and ventilation at Agulhas Plateau and the wider Southern Hemisphere cooling occurs during the earliest part of the full interglacial.
[29] From the above we conclude that during TII, changes in chemical ventilation, related to the southward advection of NCW, are largely decoupled at site MD02-2589 from near-bottom physical flow speeds that primarily relate to the expansion and contraction of the ACC in association with meridional movements of the PF and SAF.
MIS 5/4 Transition
[30] The MIS 5a/4 transition starts at 73 ka from benthic d
13 C values indicative of maximum NCW influence and low-flow speed values suggestive of weakened ACC flow (Figures 3 and 5) . This supports the suggestion by Peeters et al. [2004] for a strong input of NADW to the Southern Ocean associated with an abundance peak in Agulhas leakage fauna, observed in core MD01-2081, before the MIS 5a/4 transition recorded in its associated benthic d 18 O record and plausibly interpreted as a westward propagation of the Agulhas Current and an enhanced Indian-Atlantic surface transport.
[31] The changes observed in SS and benthic d 13 C at the transition are similar in magnitude to the opposite trends seen during the TII glacial-interglacial shifts. The MIS 5a/4 benthic d 13 C shift ($0.9%) is also similar in magnitude to those observed in deep AABW-influenced cores TN057-21 and RC11-83 ($0.95%). Although a significant portion of the MIS 5a/4 benthic d 13 C shift is likely due to a change in the carbon reservoir signal [Piotrowski et al., 2005] , as MIS 4 constitutes full glacial conditions for the first time after the prolonged interglacial conditions of MIS 5, these data along with the near-bottom flow speeds suggest a decrease in NADW influence and an expansion of the SCW over the Agulhas Plateau.
[32] This switch in water mass influence is consistent with a coeval transition in the MD02-2589 record from low fragmentation percentage, indicative of a carbonate saturated water mass sustaining higher levels of carbonate preservation (e.g., NCW), to high fragmentation percentage, indicative of a carbonate undersaturated water mass more corrosive to carbonates (e.g., SCW) [Henrich et al., 2003; Pfuhl and Shackleton, 2004] ) (Figure 5e ). In addition, records from ODP Site 1059 (32.1°N, 76.4°W, 2584 m water depth) and 1057 (31.40°N, 75.25°W, 2985 m water depth) from the Blake Outer Ridge (BOR), North Atlantic [Evans et al., 2007] , show a sharp, short-lived, negative excursion in benthic d 13 C over the sites at 73.2 ka and 71.6 ka, respectively, during the transition in their associated benthic d
18
O records, which is attributed to an abrupt shoaling (to <2500 m) of the DWBC at the BOR associated with a reduction in production of NADW, at the MIS 5a/4 transition. The GRIP ice core d
18 O record from Greenland [Johnsen et al., 1997] also exhibits a significant cold event (C19 in contemporaneous marine cores [McManus et al., 1994] ) at 71.5 ka ( Figure 5 ). Neodymium isotope analysis on cores RC11-83 and TN057-21 [Piotrowski et al., 2005] also confirm this event, showing a rapid decrease in the proportion of NADW in bottom water over this transition.
Conclusions
[33] Our high-resolution benthic d 13 C record from core MD02-2589 strongly suggests that there was a continued source for enhanced middepth ventilation over the southern Agulhas Plateau during glacial periods. While the influence of NCW may have been reduced in the glacial South Atlantic, additional well-ventilated waters plausibly have originated in the Southern Ocean. Significantly increased near-bottom flow speeds during glacial periods at MD02-2589 indicate that the vigor of near-bottom currents on the southern Agulhas Plateau is likely influenced by orbital scale meridional expansion and contraction of the ACC and its associated surface fronts.
[34] Ventilation and flow speeds show a late MIS 6 circulation change, associated with the previously documented [e.g., Bianchi and Gersonde, 2002] [35] All of the MD02-2589 records show a rapid, but sequenced, event occurring at the MIS 5a/4 transition, in which changes in flow speed and chemical ventilation were of a similar magnitude (but opposite direction) to those occurring at TII. These changes suggest a switch in the relative influence of northern and southern source waters, together with an increased influence of the ACC, toward MIS 4. This event can be linked to the sudden shoaling of NADW and reduction in its production possibly related to GRIP 2 cold event C19.
[36] Acknowledgments. We are grateful to G.G. Bianchi, J. Becker, and H. Medley for assistance with sample preparation and analysis. E.M. and I.H. acknowledge support by the Natural Environment Research Council (NERC) and the NERC Radiocarbon Laboratory, UK. R.Z. acknowledges support from the Ministerio de Educacion y Ciencias, Spain. We would also like to thank A.M. Piotrowski, E. Michel, B. Diekmann, and an anonymous reviewer for their constructive reviews and comments which greatly improved this manuscript. G. Martinez-Mendez, Universitat Autòn-oma de Barcelona, provided her insight into the paleoceanography of the Agulhas Corridor region. We thank the Institut Polaire Français Paul Emile Victor for technical support and for making the R/V Marion Dufresne available and J. Giraudeau and Y. Balut for their support in recovering this core.
